13 14 Running title 15 Structured stochastic demographic models 16 17 Word count: 6,969 18 2 Abstract 19 1. Temporal variability in the environment drives variation in individuals' vital rates, with consequences 20 for population dynamics and life history evolution. Integral projection models (IPMs) are data-driven 21 models widely used to study population dynamics and life history evolution of structured populations in 22 temporally variable environments. However, many data sets have insufficient temporal replication for the 23 environmental drivers of vital rates to be identified with confidence, limiting their use for evaluating 24 population level responses to environmental change.
4 Introduction 48 Environmental variation causes individuals' vital rates to vary, affecting population dynamics and life 49 history evolution (Benton & Grant 1996; Boyce et al. 2006) . Interest in understanding the ecological 50 consequences of environmental variation has increased rapidly as a consequence of global climate change 51 (Stenseth et al. 2002; Evans 2012) . As experimental approaches to determining how natural populations 7 parameterisation (Fig. 1) . In the simple model, 10 parameters (4 variance and 6 covariances) account for 135 the temporal variation using the UCM approach, whilst the FA approach estimates 8 parameters. In the 136 complex model 28 parameters are required for the UCM approach and 14 for the FA approach. The 137 demographic models were fitted using Bayesian methods, implemented in JAGS (Plummer 2003) and run 138 using the runjags package (Denwood in review) in R (R Core Team 2016).
139
IPMs were constructed from each set of posterior samples ( Fig. 1; Appendix A1) . The stochastic 140 population growth rate was estimated after excluding the first 2,000 years of a 10,000 year simulation.
141
This was repeated with 1,000 samples from the posterior. The true stochastic population growth rate was 142 estimated using an IPM parameterised with the true parameter values used in the IBM.
143
The results of the simulation study are summarised in Fig. 2 . The UCM approach led to 144 marginally less diffuse estimates of stochastic population growth rate than the FA approach. This was true 145 for both the simple ( Fig. 2a ) and complex ( Fig. 2b ) models. However, even with 12 years of temporal 146 replication the differences between the performance of the two methods was small, and with 25 years of 147 replication both methods performed well. 
151
Carduus nutans is a monocarpic thistle with a persistent seedbank and short-lived rosettes (Popay & 152 Medd 1990; Wardle, Nicholson & Rahman 1992) . We use a FA model to explore how environmental 153 change may affect selection for reproductive delays in this species. Reproductive delays can act as a form 154 of diversified bet hedging, spreading a cohort across multiple years and therefore decreasing the effect of 155 a bad year on the cohort as a whole (Cohen 1966; Tuljapurkar 1990; Rees et al. 2006; Childs, Metcalf & 
156
Rees 2010). In monocarpic perennial plants, reproduction may be deferred pre-establishment, through a 157 seedbank, or post-establishment, through a delay in flowering (Childs et al. 2004; Rees et al. 2006) . Post-158 establishment delays have the additional benefit of higher fecundity as individuals may grow larger, 159 producing more seeds (Rees et al. 2006 ).
160
We define the fittest strategy to be the evolutionary stable strategy (ESS). The predicted ESS for 161 the study population is substantial seed dormancy and the majority of plants to flower in their first year, 162 with a flowering probability of ~0.75 for an average sized individual (Rees et al. 2006) . Using our 163 8 framework we predict how changes to the average or variability of the environment affect the ESS 164 germination and flowering strategy. We re-parameterised the IPM of Rees et al (2006; Fig. 3a, Appendix 
165
A2). The model is structured by the natural logarithm of rosette area ( ), a measure of plant size that 166 predicts individual performance. Four stochastic vital rate functions, with temporally variable intercepts, 167 were estimated; survival, growth, recruitment and recruit size ( Fig. 3 ).
168
The vital rate parameters (Fig. 3b ) were estimated using MCMC sampling in JAGS through 169 runjags (Denwood in review; see example JAGs code in supplementary material). The prior distributions 170 were weakly informative (i.e. within biologically reasonable ranges) to improve mixing (Appendix A2; 171 see Appendix A3 for comparison with more informative priors). The vital rates were integrated into the 172 IPM ( Fig. 3 ) using the posterior means as parameter estimates. At each year in the simulation the latent 173 parameter ( ) was sampled from a normal distribution with a mean of zero and a standard deviation of 174 one. The submodel specific year effects ( ) were drawn from normal distributions with means of zero and 175 the standard deviations ( !" ) estimated in the vital rates model.
176
Posterior checks suggested the latent parameter ( ) accounted for the covariation among the vital 177 rates (Fig. S1 ). The 95% credible intervals of many parameters were relatively wide ( Fig. 3c ), as a result 
180
The highest levels of temporal variation were in survival and recruitment (Fig. S2 ). The joint flowering 181 intercept and germination probability ESS were predicted using numerical invasion analysis (Childs et al.
182
2004) and were similar to those produced using a fixed effects, kernel selection approach (Appendix A4; 
190
As the quality of the environment deteriorates there is selection for earlier flowering and reduced 191 germination, whilst improving the quality of the environment leads to the opposite response, i.e. selection 192 9 for a perennial life history dominates in higher quality environments (Figs 4 & S3) . In lower quality 193 environments selection acts on the germination probability, delaying reproduction pre-establishment by 194 increasing the chance of seeds entering the seedbank. The estimated survival probability increases from 195 0.04 to 0.73 with an increase in from 0 to 2 for a rosette of log size 1.95 (mode of the study population).
196
With a mean of 2 there is an advantage in delaying reproduction, as the risk of mortality is relatively 197 small and larger plants can produce more seeds; here, selection acts on the flowering size, increasing the 
212
Altering the frequency of fires is one possible management strategy for this endangered species. 
215
Alternative management strategies may therefore be required for Eryngium. We use perturbation analyses 216 to determine how altering FRIs and the effect of fire on the vital rates affects population growth.
217
The Eryngium IPM ( Fig. 5a ; Appendix A2) was structured by the natural logarithm of rosette 
239
was selected as it was consistent with observed changes in aboveground population growth ( Fig. 6a ). That 240 is, aboveground populations were predicted to increase immediately following a fire, but not beyond ten Fig. 6b ), as they are outcompeted. This is in 249 11 accordance with a previous study, using a matrix selection approach, which found an optimal FRI of less 
251
To determine how altering the effect of fire on the vital rates affected population growth the !"# 252 parameter was perturbed. This is a measure of how quickly the environment decays as TSF increases;
253
more negative values of this parameter indicate the quality of the environment decreases more quickly 254 following a fire. Stochastic population growth rates were estimated as before, but the fire regimes were 255 varied randomly throughout the simulations (with the same chance of each FRI occurring), either between 256 1 and 15 years (optimum for Eryngium) or between 15 and 30 years (optimum for Florida scrub habitat).
257
Decreasing !"# by around 1/3 could make a 15:30 year FRI strategy sustainable for Eryngium (Fig. 6c ).
258
The effect of altering the temporal decay of the environment is much higher when the FRI is higher, to 259 the extent that decreasing !"# sufficiently can make longer FRIs preferable for Eryngium (Fig. 6c ). 
279
Thus, the main advantage of the FA approach is that it identifies the main axes of demographic variation, 280 which provide a basis for understanding how populations may respond to environmental change.
281
When it is not possible to explicitly identify environmental drivers of demographic variation,
282
local perturbation analysis of model parameters can be used to explore the potential response of a 
290
We identified how the environmental quality would have to change for Carduus to alter its flowering 291 strategy; showing that increases in its average vital rates, in particular survival, will lead to selection for a 292 perennial life history. Whilst we focus here on temporal variation this approach could also be used to 293 predict joint demographic responses to spatial variation (Elderd & Miller 2016) .
294
The key limitation is that this interpretation of the 
